Intratympanic (IT) gentamicin injections are effective in the control of episodic vertigo due to Ménière_s disease. Histological studies in animals have found that the loss of type I vestibular hair cells far exceeds that of type II cells after IT gentamicin treatment. The objective of this study was to determine whether this selective toxicity for type I hair cells might be due to selective concentration of the drug by these cells. Gentamicin was localized within the vestibular epithelium by both direct and indirect methods. Gentamicin conjugated to Texas Red \ was used as a direct tracer, and anti-gentamicin antibody provided an indirect means of localization. Conjugated or unconjugated gentamicin was injected into the left tympanic space of chinchillas. The animals were killed and fixed 1 or 3 weeks post-treatment. Confocal fluorescence microscopy was used to determine the localization of gentamicin in semicircular canal cristae. Results from the animals killed within 1 week of administration showed that numerous type I hair cells still remained throughout the epithelium. The mean intensity in grayscale units (0-255) II cells, in support cells (pG0.001, ANOVA). These results suggest that type I hair cells are more susceptible to gentamicin because they more avidly take up or retain the drug in the early period after administration.
INTRODUCTION
Aminoglycoside antibiotics are toxic to the cochlea and vestibular organs, affecting both hearing and balance (Hinshow and Feldmann 1945; Govaerts et al. 1990 ). Gentamicin has relatively greater toxicity for vestibular than cochlear hair cells (Webster et al. 1970) . This vestibulotoxic effect has been used to advantage to control vertigo in unilateral Ménière_s disease refractory to medical management. Single intratympanic (IT) injections of gentamicin are often effective in reducing vestibular function and controlling vertigo (Chia et al. 2004; Cohen-Kerem et al. 2004 ).
The precise mechanism by which aminoglycosides exert their toxic effects on hair cells is yet unknown. Hair cells take up and retain aminoglycosides for extended periods (Hayashida et al. 1985; Dulon et al. 1993; Hashino et al. 1997) . Intracellular levels of Ca ++ and reactive oxygen species, which may be catalyzed by gentamicin-iron complexes, rise after aminoglycoside uptake (Schacht 1993; Clerici et al. 1996; Song et al. 1998; Hirose et al. 1999) . Having taken up aminoglycosides, hair cells degenerate within the epithelium through apoptosis (Nakagawa et al. 1997; Forge and Li 2000; Matsui et al. 2002) and can be extruded into the endolymphatic space (Li et al. 1995) .
Human physiological studies suggest that the lesion caused by IT gentamicin is partial in nature. The angular vestibulo-ocular reflex (AVOR) in response to rapid rotatory head thrusts is reduced in patients after IT gentamicin treatment, but the reduction in canal function is less severe than that seen after surgical labyrinthectomy (Carey et al. 2002) . Recordings from vestibular nerve afferents in chinchillas after IT gentamicin treatment demonstrate that afferents continue to fire spontaneously and respond to galvanic stimulation, but not to head acceleration (Hirvonen et al. 2005) .
Lindeman (1969) demonstrated differential sensitivity to aminoglycosides between type I and type II vestibular hair cells. These cells are distinguished by their morphologies and afferent innervations. Type I hair cells, which are more sensitive to aminoglycoside damage, have heterogeneous chromatin and constricted necks, are flask-shaped, and are surrounded by a single calyx afferent ending. Type II cells have homogeneous chromatin, are cylindrical without constricted necks, and are innervated with bouton afferent endings (Lysakowski and Goldberg 1997) . Lopez et al. (1997) also found that type I hair cells are more sensitive to the effects of gentamicin than type II hair cells when the drug was administered directly to perilymph. Our laboratory found that a single dose of IT gentamicin in the chinchilla caused a 57% reduction in overall hair cell density, with a 99% reduction in type I hair cells but no significant reduction in type II cells (Hirvonen et al. 2005) . We hypothesize that this selective toxicity for type I hair cells reflects a selective uptake or retention of the drug by type I hair cells relative to other cells in the neuroepithelium. Hayashida et al. (1985) used anti-gentamicin antibodies and immunofluorescent secondary antibodies to show selective staining of guinea pig type I vestibular hair cells after daily intraperitoneal gentamicin administration. Imamura and Adams (2003) found that the degree of gentamicin-induced damage in the cochlea and labyrinth depended on the overall degree of drug uptake by the endorgan as demonstrated by post-treatment labeling with antigentamicin antibody. Steyger et al. (2003) also localized the drug by using gentamicin conjugated to the fluorescent probe Texas Red \ (GTTR) as an intracellular tracer in hair cells of the bullfrog sacculus in vitro. Dai et al. (2006) demonstrated uptake of GTTR by cochlear hair cells after subcutaneous injection in chicks, guinea pigs, and mice.
We use similar fluorescent labeling techniques in the present study to localize gentamicin in the chinchilla vestibular neuroepithelium after IT administration. We aimed to evaluate whether the type I hair cells demonstrate more intense labeling with fluorescent markers for gentamicin when compared to other cells in the vestibular neuroepithelium after IT administration of a single injection in a manner comparable to that used in the treatment of Ménière_s disease. Gentamicin was indirectly localized using an anti-gentamicin antibody and directly localized using gentamicin conjugated to Texas Red \ (GTTR). Anti-Tenascin antibody was additionally used as a specific marker for afferent calyces to reliably identify type I hair cells. Tenascin is a glycoprotein found in the space extracellular between type I hair cells and calyx afferents (Swartz and Santi 1999) .
MATERIALS AND METHODS

Animals
Semicircular canal cristae from seven adult chinchillas (Chinchilla laniger) weighing 350-550 g were studied for anti-gentamicin antibody immunofluorescence (anti-GT group) at one of two different survival periods after IT gentamicin injection: 7 days (four animals) or 21 days (three animals). An additional three animals received IT injections of gentamicin conjugated to Texas Red \ (GTTR group); their cristae were harvested after a 5-to 7-day survival period. The survival period of 1 week (5-7 days) was chosen to study the acute period of uptake after drug administration; this is a point where obvious signs of vestibular hypofunction (head tilt and body sway) are not yet present. The 3-week time point was chosen due to our laboratory_s prior experience that the maximum head tilt, a sign of vestibular hypofunction, develops 2.5 to 3 weeks after IT gentamicin administration. In all treatment groups, the animal_s left ear was treated, and the right ear served as the control. Control ears for anti-GT localization were left untreated, as we have previously shown that the buffer carrier solution for gentamicin does not affect vestibular afferent function or vestibular endorgan histology (Hirvonen et al. 2005) . For the GTTR control endorgans, buffered Texas Red \ (Molecular Probes, Eugene, OR) solution without gentamicin was administered by intratympanic injection into the right middle ear space using the same protocol as for the treated ear.
Ten total treated semicircular canal cristae [three anterior canals (AC), four horizontal canals (HC) and three posterior canals (PC)] were suitable for quantitative analysis in the anti-GT group after 1 week, and seven cristae (2 AC, 3 HC and 2 PC) were suitable after 3 weeks. A total of ten untreated cristae were suitable for quantitative controls for these groups (four AC, three HC and three PC). The GTTR group yielded seven treated cristae (three AC, one HC and three PC) and three control cristae (two AC and one PC). All experimental protocols were performed in accordance with the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 80-23, revised 1978) and were approved by the Animal Care and Use Committee of the Johns Hopkins University School of Medicine (Baltimore, MD).
Treatment and surgical procedures
The animals were anesthetized using intramuscular ketamine 40 mg/kg and xylazine 0.5 mg/kg (Phoenix Pharmaceuticals, St. Joseph, MO). The external auditory canal was sterilized with povidone-iodine solution. For anti-GT groups, gentamicin at a concentration of 26.7 mg/ml in pH 7-buffered solution (American Pharmaceutical Partners, Schaumberg, IL) was injected into the tympanic cavity after puncturing the tympanic membrane using a 25-gauge spinal needle. The treatment solution was injected until the middle ear space was visibly full (0.2-0.6 ml). The animal_s head remained stationary with the treated ear and nose turned towards the ceiling so as to bathe the round window niche in solution for 30 min. For the GTTR group, the gentamicin conjugated to Texas Red \ was administered in the same fashion. Dimethyl formamide was used to suspend succinimidyl esters of Texas Red \ (Molecular Probes; 5 mg/ml) to make a 2.0 mg/ml Texas Red \ (TR) stock solution. For conjugation, 2.2 ml of gentamicin sulfate solution (Sigma, St. Louis, MO; 50 mg/ml in 0.1 M K2CO3, pH 9) was added to 0.3 ml of TR stock solution (300:1 molar ratio) and agitated overnight at 4C (Steyger et al. 2003) . The GTTR conjugate solution (44 mg/ml) was then diluted to a concentration of 26.7 mg/ml using sterile phosphate buffer.
Tissue harvesting
After each respective survival period, deep anesthesia was induced with intraperitoneal 5,5 diallylbarbituric acid 40 mg/kg (Sigma), and the animals were killed using a transcardiac perfusion of 0.9% saline followed by fixative (4% paraformaldehyde, 1% acrolein, 1% picric acid, 5% sucrose in 0.1M PO4 buffer). After decapitating and opening both bullae, the skull was immersed in the fixative for up to 16 h. The otic capsule was drilled away from the vestibular endorgans, which were then harvested, washed in phosphate buffer, dehydrated in graded ethanol solutions and cryoprotected using graded sucrose solutions.
Immunohistochemistry
Whole cristae were blocked for nonspecific immunoreactivity (0.5% fish gelatin and 1% bovine serum albumin in 0.4% Triton). Treated and control whole endorgans from the anti-GT groups were incubated with anti-gentamicin monoclonal antibodies (QED Biosciences, San Diego, CA), 1:200 in blocking solution for 48 h, and secondarily labeled with Alexa Fluor \ 555-conjugated goat antimouse antibodies (Molecular Probes) for 24 h. Subsequently, all specimens were labeled with polyclonal rabbit antichicken tenascin antibodies, using a 1:200 dilution of antibody reactive for tenascin C with some crossreactivity to tenascin R (Chemicon International, Temecula, CA). Anti-tenascin antibody was applied for 48 h, and then specimens were secondarily labeled by Alexa Fluor \ 488-conjugated goat antirabbit antibodies (Molecular Probes) for 24 h. Tissue was embedded in Tissue Tek OCT compound (Miles, Elkart, IN) by cooling with 2-methylbutane brought to approximately _ 60-C with dry ice, and transversely cut into 10-mm thick sections using a cryostat (four to seven sections per endorgan). Sections were mounted in Vectashield mounting medium with 4 ¶,6-Diamidino-2-phenylindole (DAPI) to label nuclei (Vector Labs, Burlingame, CA) and sealed with coverslips.
Confocal microscopy
Specimen sections from the midportion of the cristae (four to seven sections per endorgan) were scanned using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, Thornwood, NY). Serial optical image slices (0.5-1.0 mm) through the 10-mm physical sections were obtained. For all the specimens, laser power settings and pinhole were not varied. Amplifier offset and detector gain were optimized for each endorgan to prevent saturation of pixels in the images. Images were recorded with Plan-Apochromat 40Â/1.00 NA and 63Â/1.40 NA oil lenses at a minimum 0.14Â0.14 mm/pixel resolution. To avoid cross talk between the different probes, specimens were sequentially excited with the respective lasers and recorded. Minimal adjustments to photodetector gain were necessary between different specimens to prevent saturation of pixels in any specimen, but gain was held constant for all optical image slices in a given tissue section.
For fluorescence intensity measurements, one image slice from each z-stack was randomly selected (Urbaniak and Plous 2006) . Intensity of the respective fluorescent probe within the cells of the neuroepithelium for the GTTR and 1 week anti-GT groups was quantified using the image analysis software of the Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, Thornwood, NY). The software reported the intensity as a grayscale value (0-255). Type I hair cells were identified by the basal location of their nuclei within the sensory cell layer, their flask shape with constricted necks, and antitenascin labeling of their associated calyx afferent endings. Type II hair cells were identified by the more apical location of their nuclei within the sensory cell layer and lack of associated anti-tenascin labeling. Support cells were identified by their dense heterochromatin and nuclear location adjacent to the basal lamina (Lysakowski and Goldberg 1997) . The operator outlined the borders of the cell so that the intensity was measured on the area including the cytoplasm and nucleus. This was facilitated by scrolling through the surrounding optical slices of the z-stack and selectively activating the different color laser channels.
Additionally, for type I hair cells of the 1-week anti-GT localization group, apex intensity of the probe was measured and compared to the intensity of the probe at the base. The apex was defined as the area from the top of the cell to the nearest constriction of the neck of that cell. The base was defined as the area from the point of the apical neck constriction to the furthest basal extent of the cytoplasm of the cell. The nucleus was excluded to ensure that a difference in intensity of the two regions was not biased by decreased concentration of fluorescent tracers by the nucleus. By 3 weeks the disruption of the boundaries of remaining cells did not allow for reliable outlining of the cytoplasm to compare intensity of labeling between different cellular sites.
Cell counts
Sensory and support cells were quantified in the three groups: controls with no gentamicin treatment, 1-week post IT gentamicin treatment, and 3-weeks post treatment. Cell counts from the randomly selected optical slice were normalized by dividing by the length of the neuroepithelium in that slice to generate a linear density measurement. Because of the disruption of the epithelial architecture appearing 3 weeks after IT gentamicin treatment, cells were simply categorized as being in the Bsupport cell layer^(cells with denser chromatin and contiguous with the basal lamina) or in the Bsensory cell layer( located more apically in the neuroepithelium). Cells were counted if the section of the nucleus seen was at least 50% of the 6-7 mm-diameter of the typical nucleus. To avoid double counting of nuclei, we ensured that the distance between the selected optical slices in adjacent tissue sections was at least 6 mm. Counts were obtained in the same way between control and treated sides. To control for a nuclear shrinkage effect on linear density, the degree and possible effects of nuclear shrinkage were obtained by measuring nuclear diameters in randomly selected cells of the three cell types from control and treated tissues. If shrinkage was found to be a factor, appropriate adjustments to the changes in linear cell density were made to account for shrinkage effect.
Comparisons and statistics
The measured outcome variables were the intensity of the fluorescent labels for gentamicin and the densities of hair cells and support cells. Means and 95% confidence intervals were calculated for these measures. General linear model (GLM) analyses of variance were performed on these outcomes to determine the significance of the input variables of treatment, animal, canal, and cell type. Variables thus identified as significant were further analyzed through the application of post hoc ANOVA and t tests. To control for differences in the efficacy of anti-GT antibody labeling between different endorgans and different sections, we also calculated the mean ratio of type I to type II hair cell intensity for each analyzed optical slice.
RESULTS
Distribution of gentamicin within the vestibular neuroepithelium
Anti-gentamicin antibody labeling. Anti-GT antibodies tagged with the red Alexa Fluor \ 555 fluorochrome intensely labeled hair cells in the treated crista 1 week post drug administration, whereas the control specimen displayed negligible red fluorescence (Fig. 1) . It is also evident that at this time, there is some loss of type I hair cells from the central zone (apex and adjacent areas) of the treated crista, and this area is thinner when compared with that of the control specimen. Intense pan-cellular (cytoplasmic and nuclear) anti-GT labeling was seen only in treated type I hair cells, identifiable by their flask shapes and by the thin rim of anti-tenascin labeling (green) associated with their calyces. Type II hair cells, without associated tenascin-labeled afferent endings and with more apically located nuclei, showed less anti-gentamicin antibody labeling. Support cells showed negligible intensity.
Quantitative analysis of the anti-GT intensity data demonstrated that type I hair cells concentrated more gentamicin 1 week after treatment than did other cell types (Fig. 2) . To determine whether cell type had a significant influence on anti-GT labeling intensity in all 1-week specimens, a GLM analysis was done using the following input factors: intervention (df=1: treatment vs control), cell type (df=2: type I vs type II vs support), and canal (df=2: AC vs HC vs PC). This model predicted 63% of the adjusted sum square error from the mean anti-GT intensity (i.e., r 2 =0.63). Intervention alone accounted for 26% of the model_s predicted error from the mean (pG0.0001), and post hoc t tests showed that type I and II hair cells labeled more intensely in treated specimens than in controls (pG0.001). Cell type and the interaction of interventionÂcell type accounted for 71% of the GLM model_s predicted error from the mean (pG0.0001 for each), leading to a rejection of the null hypothesis that all cell types label to the same degree with gentamicin treatment. Post hoc ANOVA demonstrated that in treated cristae the anti-GT fluorescence of type I hair cells exceeded that of type II hair cells, which in turn exceeded that of support cells (pG0.001). There were also significant (pG0.0001) interactions in the GLM model of interventionÂcanal and interventionÂcanalÂcell, suggesting that canals did not take up gentamicin equally and that some cells in some canals took up gentamicin especially avidly. This was confirmed by ANOVA, which demonstrated that at 1 week after treatment, fluorescence was lower for remaining type I hair cells in the HC when compared to those of the AC and PC (23.6T13.8, 28.7T16.8 and 29.5T15.8, respectively; p=0.005). For type II hair cells intensities in the HC, AC, and PC were 11.9T3.6, 15.2T4.3, and 14.9T6.2, respectively (pG0.0001). However, these canal effects accounted for only 2% of the GLM model_s predicted error from the mean.
There was also variation between animals in anti-GT intensity 1 week after treatment. This was demonstrated by a GLM analysis of intensity of treated cells using factors of animal, cell type, and their interaction. This model accounted for 52% of FIG. 1. Cross-sections of the crista ampullaris from control, 1-week, and 3-week treated chinchillas labeled with anti-gentamicin (anti-GT) and anti-tenascin antibodies. Each lower panel magnifies the boxed area in the respective upper panel. Red represents anti-GT antibody, blue represents DAPI labeling of ds-DNA in the nuclei of cells and green represents anti-tenascin labeling between calyces and type I hair cells. CONTROL: Image of an untreated right anterior canal crista demonstrating the utility of anti-tenascin label in the identification of calyces and type I hair cells. Anti-gentamicin antibody labeling is absent in the control crista. ONE WEEK: Image of a left horizontal canal crista 1 week after IT gentamicin treatment. Anti-GT labeling is diffuse and intense in type I hair cells (I) but is less intense in type II hair cells (II) and not visible in support cells (S). Thinning of the central region of the neuroepithelium is evident (compare thickness at arrows). THREE WEEKS: Left horizontal canal crista three weeks after IT gentamicin exposure. Type I hair cells do not appear to be present, based on the absence of diffuse and intense antigentamicin labeling and calyx-associated anti-tenascin labeling. The entire neuroepithelium is thinned. A clear support cell layer persists (S). Above this layer, occupying the neuroepithelium_s sensory layer (Se) , are cells with ill-defined shape and weak, inhomogeneous anti-gentamicin labeling. Antitenascin labeling of the basement membrane is variable across specimens.
the error from the mean (r 2 =0.52). The largest predictive factor remained cell type (65% of the model_s predicted error from the mean), but the effects of animal (18%) and the animalÂcell type interaction (17%) were also significant (pG0.0001). Thus, as an additional test, to control for the effects of inter-animal variation as well as inter-specimen variation, the ratio of intensity of fluorescence of anti-GT antibody in type I hair cells to that in type II hair cells was determined for each optical slice to control for differences in antibody labeling efficacy. The mean ratio was 2.08 (95% CI 1.91-2.24) in treated specimens, but 1.08 (95% CI 1.00-1.15) in controls.
Among type I hair cells, a zonal gradient of gentamicin fluorescence was observed in treated cristae 1 week after drug exposure. In some specimens central zone type I hair cells were still present, and anti-GT fluorochrome was distributed throughout their cytoplasm and nuclei. In the same specimens, the labeling seen in peripheral zone type I hair cells was punctate, not diffuse (Fig. 3a) . In other 1-week specimens damage appeared to have caused of loss of central zone type I hair cells. In these specimens, the peripheral type I hair cells did not show punctate labeling. Rather, the fluorochrome was diffusely distributed (Fig. 3b) . In such hair cells, there was an apical predominance of the label, with the apex/base intensity ratio being 1.59 (95% CI 1.17-2.01, N=26). By the survival point of 3 weeks, the neuroepithelium was markedly altered by IT gentamicin treatment. Type I hair cells, which had demonstrated significant concentration of the drug by 1 week, were no longer identifiable in the neuroepithelium (Fig. 1) . Calyces, previously identifiable with the tenascin label, could no longer be found. Nuclei of cells were still identifiable in the sensory layer of the neuroepithelium (Se) . Distinct anti-GT fluorescent labeling of hair cells was not seen, but less intense punctate labeling was detected. Boundaries of remaining cells in the sensory layer could not be reliably outlined, thus intra-and intercellular intensity measurements were not obtained at this time point.
Direct localization with gentamicin conjugated to Texas Red
\ \ \
. After intratympanic treatment with GTTR and a survival period of 5-7 days, the red-labeled drug was sequestered primarily in remaining type I hair cells of the neuroepithelium, which were again identified with the aid of anti-tenascin antibody (Fig. 4b) . Unconjugated Texas Red \ (TR) fluorochrome used in control labyrinths did not remain bound (Fig. 4a) . In contrast to the result obtained with the anti-GT antibody, GTTR fluorescence was punctate, not uniform, in treated type I hair cells. However, as with anti-GT antibody labeling, the GTTR fluorescence was localized primarily at the apical region of the type I cells. The loss of type I hair cells appeared to be extensive in some specimens 1 week after intratympanic GTTR treatment (Fig. 4c) , giving a much more variable labeling result than that obtained after IT gentamicin treatment and labeling with anti-GT antibody (Fig. 1) . Type I hair cells that were identifiable in the GTTR-treated preparations had greater intensity of the drug-fluorochrome conjugate than did type II hair cells or support cells.
A GLM analysis for the GTTR fluorescence was performed using the following input factors: intervention (df=1: treatment vs control), cell type (df=2: type I vs type II vs support) and animal (df=2; canal could not be treated as a separate factor because of a rank error deficiency). This model predicted 70% of the adjusted sum square (Adj SS) error from the mean GTTR intensity (r 2 =0.70). Intervention alone accounted for 21% of the model_s predicted error from the mean, and post hoc t tests showed that type I and II hair cells labeled more intensely in treated specimens than in controls. Cell type and the interaction of interventionÂcell type accounted for 10% of the GLM model_s predicted error from the mean, a smaller effect than was seen with anti-GT labeling, but still significant (pG0.0001) effect than was seen with anti-GT labeling. This would lead to rejection of the null hypothesis that all cell types label to the same degree after intratympanic GTTR treatment. A post hoc ANOVA demonstrated that in treated cristae GTTR labeling of type I hair cells (25.38T6.33, n=26), exceeded that of type II hair cells (15.60T5.19, n=137), which in turn exceeded that of support cells (12.62T4.10, n=212; pG0.001; Fig. 5 ). The variability across animals seen in Figure 4 was reflected in the large effects of animal and interventionÂanimal in the GLM model, accounting for 26 and 31% of the model_s predicted error from the mean, respectively (pG0.0001). To control for such variability, the intensity of fluorescence of type I hair cells was also expressed as a ratio to the intensity of fluorescence of type II hair cells in the same optical section. The mean ratio of type I to type II fluorescence with GTTR was 1.66 (95% CI 1.36-1.95), again demonstrating greater affinity of type I cells for gentamicin labeled with TR. The ratio within control specimens was 1.02 (95% CI 1.00-1.05).
Changes in density of sensory and support cells
Nuclear size changes associated with gentamicin treatment were measured. In control specimens, mean nuclear diameters were: 6.42T0.71 mm (type I hair cells), 7.04T0.99 mm (type II hair cells), and 6.02T0.72 mm (support cells). A significant decrease in diameter in gentamicin-treated specimens was noted only for nuclei of type I hair cells at 1 week after treatment (6.00T0.68 mm, a 6.5% decrease, pG0.0001). No other significant changes were found in the residual cells in the 1-and 3-week posttreatment specimens (statistical power of 90% was attained to detect changes in diameter of Q8%).
There was a significant sensory cell reduction in cristae at both 1 week and 3 weeks after intratympanic gentamicin treatment in comparison with controls. By 1 week, hair cell density was reduced by 16.8% (pG0.0001). After correcting for the observed nuclear shrinkage, the reduction was estimated to be only 8.8% (p=0.2). Examination of the histological sections demonstrated that this reduction mostly reflected damage to the central zone of the crista, where the cytoarchitecture was disrupted and the epithelium focally thinned relative to controls (Fig. 1) . However, more substantial reduction occurred by 3 weeks after IT drug administration, when sensory cells were reduced by 68.3% (pG0.0001), or 60.3% when corrected for cell shrinkage due to treatment (pG0.0001). Type I and II hair cells could not be readily identified at 3 weeks because of the cytoarchitectural disruption of the epithelium that left only nuclei identifiable in the sensory layer. There were no cells observed to be intensely labeled throughout the cytoplasm with anti-gentamicin antibody as had been seen 1 week after treatment. There was also no tenascin staining of calyceal endings, whereas tenascin signal remained at the basement membrane. In correlation to the observation at 1 week of negligible fluorescent labeling within support cells with a nonsignificant reduction in linear density, at the 3-week time point these cells were reduced by only 5.33% (p=0.0026).
A GLM analysis for the output of cell linear density was done using the following input factors: survival period (df=2: time 0 (controls) vs 1-week treated vs 3-week treated), canal (df=2: AC vs HC vs PC), and cell type (df=1: sensory vs support) and their interactions. The model accounted for 82% of the adjusted sum square error from the mean. Survival period accounted for 44% of the model_s predicted error from the mean, survival periodÂcell type accounted for 34%, cell type for 18%, and survival periodÂcanal for 5% (all p valuesG0.0001). Three weeks after gentamicin treatment the sensory cell densities in the canals were reduced by 73% (AC), 69% (HC), and 63% (PC; p=0.002, ANOVA).
DISCUSSION
It has previously been demonstrated that local application of gentamicin to the labyrinth causes greater loss of type I than type II vestibular hair cells (Lopez et al. 1997; Hirvonen et al. 2005) . However, the reason for this selective damage has not been previously elucidated. The present study provides evidence that the selective loss of type I hair cells may occur because these cells preferentially accumulate gentamicin acutely after IT administration. Type II hair cells and support cells concentrate substantially less gentamicin (Fig. 2) . Imamura and Adams (2003) analyzed gentamicin concentration within inner ear tissues after IT administration and noted an accumulation within vestibular hair cells. However, differences between type I and type II hair cells were not evaluated. Hayashida et al. (1985) demonstrated that systemic administration of gentamicin led to greater accumulation of the drug in type I hair cells in the guinea pig. The present study is the first study to examine the differential uptake or retention of gentamicin after IT administration in the dose range used in clinical practice for the treatment of Ménière_s disease. The results therefore have clinical relevance in addition to basic implications for aminoglycoside ototoxicity.
Preferential loss of type I hair cells
We have previously demonstrated that IT gentamicin treatment in the chinchilla severely reduces vestibular afferent sensitivity to head acceleration but only mildly reduces spontaneous afferent firing rates (Hirvonen et al. 2005) . That study demonstrated a 57% reduction in sensory cells 3 weeks to 3 months after treatment. However, the ultimate fate of type I hair cells could not be determined at the level of light microscopy (LM) because calyces, which are critical to identify these cells by LM, were virtually eliminated. The present study demonstrates an immunohistochemical correlate to the loss of type I hair cells in the loss of labeling for tenascin, a molecule that localizes to the space between the calyx and the basolateral membrane of the type I hair cell. Another piece of evidence that type I hair cells are lost by 3 weeks after intratympanic gentamicin treatment comes from the data derived with anti-GT antibody labeling. By 3 weeks after treatment, there are no longer any cells that diffusely label with anti-GT antibody. At 1 week after treatment, the only cells that were labeled in this fashion were type I hair cells. We conclude that type I hair cells are either lost or that they clear the drug by 3 weeks. However, given the decrease in the total number of sensory cell nuclei coupled with the loss of tenascin-associated calyx endings, the latter possibility seems less likely. Because type I cells normally comprise 50% of the hair cells in the chinchilla crista (Lysakowski and Goldberg 1997) , the 68% loss observed here suggests that some type II cells are lost as well.
A confounding factor in our study is the possible effect of nuclear shrinkage on estimates of cell density. Gentamicin treatment was associated with a decrease in the diameter of type I hair cell nuclei at 1 week. This may reflect the toxic effects of gentamicin on the cells that concentrate the drug the most. Whereas significant decreases were not detected in the diameter of nuclei of other cells, shrinkage of as much as 8% would not have been detected by our methods. Such shrinkage can affect estimates of linear cell density. Accounting for 8% shrinkage still does not explain the highly significant reduction in density of total sensory cells at 3 weeks. However, a small change such as the 16.8% reduction in sensory hair cells at 1 week is rendered potentially insignificant.
Evidence for greater concentration of gentamicin by type I hair cells Both direct (anti-GT) and indirect (GTTR) localization methods demonstrated a greater intracellular concentration of gentamicin in type I hair cells when compared to type II cells in the treated crista 1 week after treatment. These results suggest that the preferential loss of type I hair cells after IT gentamicin treatment may be explained by a greater affinity that these cells have for the drug.
Secondary sources of variability in gentamicin localization were noted in the GLM analysis. For anti-GT and GTTR results, there was significant variability between animals. This may reflect variability in the penetration of gentamicin through the round window, pharmacokinetic differences, or differences in the temporal progression of toxicity between animals. Differences in the efficacy of antibody binding must always be considered as a limitation for quantification with immunohistochemistry. However, we controlled for this by expressing the ratio of fluorescence of type I to type II hair cells within each optical slice examined and still found a mean ratio significantly different than one.
Possible reasons for greater gentamicin concentration in type I hair cells
We found that apical concentration of gentamicin exceeded basal concentration in type I hair cells. This finding is consistent with entry of the drug either via apical endocytosis or stereociliary transduction channels (Myrdal et al. 2005) . The latter mechanism raises two potential reasons for possibly greater uptake of gentamicin in type I hair cells as compared to type II cells. The first is structural. The hair bundle structure in type I hair cells differs from that of type II cells. Type I hair cell bundles are taller and have greater numbers of stereocilia that are larger in diameter (Morita et al. 1997; Moravec and Peterson 2004; Xue and Peterson 2006) . Because each stereocilium is associated with one to two mechanotransduction channels, the greater number of stereocilia on type I hair cells can produce larger transduction current amplitudes (Denk et al. 1995) . The second reason is physiological. There may be a greater electrochemical gradient driving gentamicin entry into type I hair cells. Chen and Eatock (2000) confirmed in isolated hair cells of the rat and other amniotes that the type I hair cells of the crista have more negative resting potentials than type II hair cells. When the transduction channel opens, there is therefore a greater electrochemical gradient driving gentamicin entry into the type I hair cell (Marcotti et al. 2005) . Consistent with the possibility of greater entry of gentamicin through type I stereocilia, Walsh et al. (2000) demonstrated that type I mature hair bundles are more susceptible to structural damage after gentamicin exposure than type II mature hair bundles.
Gradual toxicity of gentamicin Lopez et al. (1997) demonstrated a progressive loss of type I hair cells, first from the central zone and later from the peripheral zone, over 1 week after perilymphatic gentamicin treatment. Our findings are consistent with a similar temporal progression, albeit slower, probably because of the indirect (round window) application of the drug. Many type I hair cells persist 1 week after IT gentamicin but are lost at 3 weeks. In some specimens, there is diffuse and intense labeling of entire type I cells in the central zone but not in the peripheral zone (Fig. 3a) . In other specimens, type I hair cells appear to be lost from the central zone, causing it to appear thinner, and labeling of those in the peripheral zone is diffuse and intense (Fig. 3b) . Although a time series of multiple endpoints was not used in this study, the findings can be interpreted in light of the results of Lopez et al. (1997) to suggest that central zone type I hair cells first concentrate the drug, followed by those in the peripheral zone. Cell death may follow the same temporal progression, but that appears to be complete by 3 weeks.
It has been suggested that gradual hair cell toxicity may be due to the delayed release of aminoglycosides from intracellular stores where they are initially sequestered (Hashino et al. 1997 ). The possible progression in the anti-GT labeling of peripheral type I hair cells from punctate to diffuse may be germane to this hypothesis. Punctate labeling that appears to be an early pattern of gentamicin distribution may reflect sequestration in lysosomes, endoplasmic reticulum, mitochondria, or the Golgi apparatus (Sandoval et al. 2000; Steyger et al. 2003) . The pan-cytoplasmic labeling that occurs later may reflect the rupture of these organelles. Alternatively, diffuse labeling of the cytoplasm may simply result from gentamicin entering through the stereocilia.
Pan-cytoplasmic labeling was not observed in our GTTR-treated specimens. Such diffuse labeling is only seen after delipidation, which is thought to unveil GTTR fluorescence otherwise quenched by intracellular phopholipids (Myrdal et al. 2005; Dai et al. 2006 ). While our specimens were treated with Triton, fixation with acrolein may have crosslinked molecules and prevented effective delipidation. However, this methodological limitation would not apply to the anti-GT technique, in which both diffuse and punctate labeling can be seen in cells within the same specimen (Fig. 3a) .
Differences between canals
Hair cells with type I morphology were eliminated from all of the canals by 3 weeks after IT gentamicin treatment. Loss of remaining cells in the sensory layer-presumably type II hair cells-at this time was greater in the AC and HC than in the PC. However, 1 week after treatment, the intensity of anti-GT antibody label in type II cells was greater in the PC and AC than in the HC. This unexpected finding raises the possibility that there are biological differences in the ototoxic potential of gentamicin for type II hair cells independent of the degree of concentration of the drug.
Physiological implications
Irregularly discharging units in the normal crista invariably have calyx endings. High-gain units also have bouton endings (dimorphic units), and a group of lowgain irregular afferents in the crista have only calyx endings (Baird et al. 1988) . We have previously shown that irregular afferent units persist after IT gentamicin treatment (Hirvonen et al. 2005) . This study suggests that IT gentamicin treatment eliminates type I hair cells and therefore their inputs to calyx endings. Why do these irregular units persist? One explanation has been offered by Smith and Goldberg (1986) , who hypothesized that discharge regularity is a feature determined by the membrane properties of the afferent neuron, not its complement of hair cell input. Another explanation may be that calyx endings persist in a retracted form, corresponding to the large globular structures observed in the neural layer after IT gentamicin treatment (Hirvonen et al. 2005) . These afferent endings could obtain synaptic inputs from outer face synapses on remaining type II cells. Electron microscopy and afferent immunohistochemical labeling work is ongoing in our laboratory to help elucidate whether such globular endings correspond to former calyceal endings and whether they receive synaptic input.
Relevance to human IT gentamicin treatment
Can we extrapolate that the lesion seen in the chinchilla applies to the human labyrinth treated with intratympanic gentamicin? Ishiyama et al. (2007) recently reported histological data from after labyrinthectomy in a patient with Ménière_s disease who continued to have vertigo attacks after six IT gentamicin injections. Histology indicated near complete ablation of the vestibular neuroepithelium of the crista ampullares and a severe loss of both type I and type II hair cells of the utricular macula. This degree of loss likely reflects greater damage than would occur after a single IT gentamicin injection. Human physiological testing suggests that the lesion created by low-dose IT gentamicin treatment is a partial one. The gain of the angular vestibuloocular (AVOR) reflex in humans after IT gentamicin treatment is reduced, but not as severely as after labyrinthectomy or surgery to sever the vestibular nerve (Hirvonen et al. 2005) . However, IT gentamicin does abolish the ability to augment the AVOR gain for viewing near targets (Migliaccio et al. 2004 ). This result matches that obtained in the rhesus monkey when galvanic currents were applied to the vestibular nerve so as to silence irregularly discharging afferents (Chen-Huang and McCrea 1998). Irregularly discharging units receive hair cell input from type I hair cells alone (calyx units) or from both type I and II hair cells (dimorphic units); very regularly discharging afferents receive only input from boutons on type II hair cells (Goldberg 2000) . Thus, silencing the pool of afferents that carry type I hair cell input in monkeys has the same effect as IT gentamicin does in humans. It is therefore tempting to speculate that the human labyrinth treated with low-dose IT gentamicin has a selective lesion of type I hair cells. The present study lends some strength to this hypothesis, as type I cells preferentially accumulate gentamicin and are then eliminated from the crista in this animal model. However, in this model, both regular and irregular afferents show marked reductions in gain for head rotations. Although type II hair cells appear to be preserved, they may lose their stereociliary bundles and the ability to transduce head acceleration (Hirvonen et al. 2005) . The gentamicin lesion in the chinchilla may be more severe than that in humans due to the thinner round window membrane in the chinchilla (Sahni et al. 1987) . Further studies delivering less of the drug to the chinchilla labyrinth might demonstrate a lesion that is more physiologically restricted to irregular units.
